We demonstrate quantum dot (QD) formation in three-dimensional Dirac semimetal Cd 3 As 2 nanowires using two electrostatically tuned p−n junctions with a gate and magnetic fields. The linear conductance measured as a function of gate voltage under high magnetic fields is strongly suppressed at the Dirac point close to zero conductance, showing strong conductance oscillations. Remarkably, in this regime, the Cd 3 As 2 nanowire device exhibits Coulomb diamond features, indicating that a clean single QD forms in the Dirac semimetal nanowire. Our results show that a p−type QD can be formed between two n−type leads underneath metal contacts in the nanowire by applying gate voltages under strong magnetic fields. Analysis of the quantum confinement in the gapless band structure confirms that p−n junctions formed between the p−type QD and two neighboring n−type leads under high magnetic fields behave as resistive tunnel barriers due to cyclotron motion, resulting in the suppression of Klein In addition, other unique features such as a large negative MR and universal conductance fluctuations have been observed.
Three-dimensional (3D) Dirac semimetals (e.g., Cd 3 As 2 and Na 3 Bi) have attracted considerable attention owing to their exotic properties, both predicted in theory [1] [2] [3] and recently demonstrated experimentally. [4] [5] [6] [7] [8] They are a 3D analogue of graphene, but the Dirac points of these semimetals are not gapped by the spin-orbit interaction and the crossing of the linear energy band dispersion relations along all three momentum directions is protected by their crystal symmetry. 1 This unique energy band structure makes Dirac semimetals not only a source of intriguing physical phenomena (e.g., giant magnetoresistance (MR), 9-12 ultrahigh carrier mobility, 9 Landau quantization, 13, 14 and the Shubnikov-de Haas effect 10, 11, 15 in 3D bulk Dirac semimetals), but also a new potential platform for quantum devices.
Recently, 3D Dirac semimetal Cd 3 As 2 nanowires have been successfully grown by chemical vapor deposition (CVD). [16] [17] [18] [19] One-dimensional nanowires with large surface-to-volume ratios are an excellent platform to explore novel physics and device applications that are difficult to achieve with bulk materials. 20 In Dirac semimetal Cd 3 As 2 nanowires Aharonov-Bohm (AB)
oscillations, which are an indicator of probing the surface states of the Dirac semimetal, have been observed. 18 A phase shift in AB oscillations is attributed to the splitting of the Dirac node into Weyl nodes owing to magnetic field-induced time-reversal symmetry breaking.
In addition, other unique features such as a large negative MR and universal conductance fluctuations have been observed. This is referred to as Klein tunneling.
22-24
Here, we report on QDs formed in 3D Dirac semimetal Cd Transmission electron microscopy (TEM) images are shown in Figure 1a and 1b. The TEM image in Figure 1b shows that nanowires grow preferentially along the [112] direction, which is the axial direction (Supporting Information, Figure S1 ). The surface of nanowires is covered by several amorphous layers in the ambient condition. Figure 1c shows a schematic of the energy dispersion E(k) near the Dirac points in the Cd 3 As 2 semimetal. It is known that in a Dirac semimetal the conduction and valence bands contact only at the Dirac points in the Brillouin zone and they disperse linearly in all three directions, 1,6 resulting in large Fermi velocity and very high electron mobility of the 3D carriers.
9,13
A scanning electron microscopy (SEM) image of a nanowire device and the measurement setup are shown in Figure 1d . The Cd 3 As 2 nanowires are transfered on a highly doped p minimum conductance is identified at V G ∼ −2.5 V (marked with a red arrow in Figure 2a) as the location of the Dirac points for B = 9 T. At B = 0 T, we observe that the gate dependence of the conductance is relatively weak and it becomes significant under high magnetic fields. This is because the conductance near the Dirac point is markedly reduced as the magnetic field increases. This tendency is seen more clearly in the MR plot (Supporting Information, Figure S2b ). The MR plot shows a strong magnetic field dependence as it increases exponentially up to 1700 % at B = 9 T. In our experiment, we have not observed particular evidence of the surface states. Their contribution to conductance compared to the bulk could be small when considering the density of states of the surface states and bulk.
It should be noted that small aperiodic conductance oscillations are superimposed on the background conductances in the n and p−regimes as shown in Figure 2 . Figure 19 Notably, the UCFs are significantly suppressed in the deep p−regime (V G <∼ −20 V) as a magnified trace is shown in Figure 2c (dashed orange box). Two possibilities are presented to account for this. First, the coherence length for holes could be much shorter than that of electrons, which is consistent with the fact that electron mobility (µ e = 1300 cm 2 /Vs) is approximately six times higher than that of the hole (µ h = 220 cm 2 /Vs) in this devices. 19 Second, as will be discussed below (Figure 4 ), since the device forms p−n junctions between the nanowire and the metal electrodes by applying negative gate voltages, quantum interference originating from coherent propagation of holes is suppressed at two p−n junctions. With increasing temperature, the oscillation amplitude is suppressed (Supporting Information, Figure S3 ). Interestingly, we observe strong oscillations with much larger amplitudes near the Dirac peak under high magnetic fields (Figure 2d ). In contrast to UCFs, the oscillations are only pronounced at high magnetic fields (B > 7 T), indicating that the origin should be different from UCFs.
The two-dimensional conductance maps as a function of magnetic field provide insight into the strong conductance oscillations at around the Dirac peak, as seen in Figure 2d .
The differential conductance maps measured as a function of V G and V SD at B = 0, 4, 7, 8 and 9 T are presented in Figure 3a −e, respectively. For B = 0 T, the device exhibits very weak aperiodic oscillations fluctuating from 0.9 to 1.3 e 2 /h, which are attributed to UCFs as mentioned above. However, at high magnetic fields (B 8 T), the conductance maps show clear diamond shaped areas at approximately zero bias, which can be attributed to It is rather surprising to observe the quantum confinement effect in the Dirac semimetals because the gapless energy band structure prevents quantum confinement. In conventional semiconductors with finite energy gaps, carriers (either electrons or holes) can be confined by electrostatic barriers with gates. In contrast to massive fermions in conventional semiconductors, Dirac-Weyl fermions can penetrate electrostatic barriers with high transmission probability for normal incident angles (Klein tunneling), making strong confinement difficult. [22] [23] [24] However, recent theoretical works propose that Klein tunneling can be suppressed by bending incoming Dirac fermion trajectories with magnetic fields in graphene or Dirac semimetals.
25-27
We here discuss how a single QD can be formed under high magnetic fields in 3D Dirac semimetal nanowires. The differential conductance curve in Figure 2a indicates that the entire nanowire is slightly n−doped because the Dirac peak appears at V G ∼ −2.5 V. As illustrated in Figure 4a , by applying a gate voltage, the carrier density and type of the nanowire between the source−drain electrodes can be tuned easily, while segments of the nanowire under the electrodes remain effectively n−doped due to less effective gate modulation by the Thomas-Fermi screening. 28, 29 Hereafter, we denote this effectively n−doped nanowire segments by n * . When V G > ∼ −2.5 V (Figure 4a ), all segments of the nanowire become n−type (n * −n−n Here we illustrate our scenario for the suppression of Klein tunneling at the n * −p interface as a function of magnetic field in Figure 5 . Figure 5a shows the device schematic and energy diagram of an n * −p−n * junction (lower panel). The yellow area in the lower panel shows an n * −p interface which is illustrated in Figure 5b Figure S5 ). Since Cd 3 As 2 has a large Lande g-factor of 16, 17 in a magnetic field, the hole states acquire a large Zeeman energy shift, which causes the energy levels to split and cross each other by E Z = gµB (∼ 8.35 meV at B = 9 T). 32 This value is much larger than the Coulomb diamond sizes in Figure 6a so that we cannot observe the Zeeman splitting on the shoulders of the Coulomb diamonds. In addition, the Kondo effect is not observed in our device probably because the Kondo effect is lifted by high magnetic fields. As the temperature increases, the Coulomb oscillations are broadened due to thermal energy (Supporting Information, Figure S6 ). On the right side of the empty state (N = 0), a small diamond for the first electron (N = 1e) is observed due to an accidental QD formation in the n * −n−n * configuration. However, the Coulomb blockade in this configuration is immediately lifted as the gate voltage is increased, because the n−doped region smoothly merges into the n * lead of the electrodes. In this regime at B = 6 T, the device exhibits a checkerboard pattern on the varying high conductances depending on the gate voltage. This can be interpreted as Fabry-Pérot interference in a ballistic regime (Supporting Information, Figure S7 ). Figure 6b shows the conductance measured as a function of V SD at N = 0 (red arrow) for different magnetic fields. As the magnetic field increases, the conductance in the Coulomb blockade regime is strongly suppressed due to the suppression of the Klein tunneling. The result shows that the confinement can further increase under higher magnetic fields.
In summary, we demonstrate single QDs confined with two p−n junctions in 3D Dirac semimetal Cd 3 As 2 nanowires under high magnetic fields. The device can be operated in two different regimes: (i) an n−type channel between n * −type leads underneath the source-drain contacts, creating an open regime (n * −n−n * configuration); (ii) a p−type channel in the middle of the nanowire, forming a p−type QD (n * −p−n * configuration). At zero magnetic field, the quantum confinement effect vanishes in the n * −p−n * QD because the Dirac fermions penetrate p−n junctions with high transmission probability (Klein tunneling). However, the high magnetic fields bend the Dirac fermion trajectories at the p−n junction due to cyclotron motion, preventing the Klein tunneling. This results in a strong confinement at p−n junctions of Dirac materials. In this regime, the device shows clean Coulomb diamonds, indicating that a single QD is formed in a Dirac semimetal nanowire. Our experiment allows one to design quantum devices such as QDs or quantum point contacts in 3D Dirac semimetals using magnetic fields.
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